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ABSTRACT
We present new observations of Fornax A taken at ∼ 1 GHz with the MeerKAT telescope and at ∼ 6 GHz with the Sardinia Radio
Telescope (SRT). The sensitive (noise ∼ 16 µJy beam−1), high resolution (. 10′′) MeerKAT images show that the lobes of Fornax A
have a double-shell morphology, where dense filaments are embedded in a diffuse and extended cocoon. We study the spectral
properties of these components by combining the MeerKAT and SRT observations with archival data between 84 MHz and 217 GHz.
For the first time, we show that multiple episodes of nuclear activity must have formed the extended radio lobes. The modelling of
the radio spectrum suggests that the last episode of injection of relativistic particles into the lobes started ∼ 24 Myr ago and stopped
12 Myr ago. More recently (∼ 3 Myr ago), a less powerful and short (. 1 Myr) phase of nuclear activity generated the central jets.
Currently, the core may be in a new active phase. It appears that Fornax A is rapidly flickering. The dense environment in which
Fornax A lives has lead to a complex recent merger history for this galaxy, including mergers spanning a range of gas contents and
mass ratios, as shown by the analysis of the galaxy’s stellar- and cold-gas phases. This complex recent history may be the cause of the
rapid, recurrent nuclear activity of Fornax A.
Key words. galaxies: individual: Fornax A, NGC 1316 – galaxies: jets – galaxies: active – radio continuum: galaxies – radiation
mechanisms: non-thermal
1. Introduction
Active galactic nuclei (AGN) are associated with the accretion
of material onto a super-massive black hole (SMBH) at the cen-
tre of their host galaxy. The energy released by the AGN into the
surrounding interstellar medium through radiation and/or rela-
tivistic jets of radio plasma, can drastically change the fate of its
host galaxy by removing, or displacing, the gas in the galaxy and
preventing it from cooling to form new stars (see, for example,
Fabian 2012; McNamara & Nulsen 2012; Bolatto et al. 2013;
Fluetsch et al. 2019). This mechanism, commonly called ‘AGN
feedback’, likely plays a fundamental role in regulating the star
formation of the host galaxy as well as the observed relation be-
tween the masses of the bulge and of the SMBH (e.g. Bower
et al. 2006; Croton et al. 2006; Booth & Schaye 2009). Numer-
ical simulations of galaxy evolution indicate that only multiple
phases of nuclear activity may prevent the hot circum-galactic
gas from cooling back, and therefore explain the rapid quenching
of star formation in early-type galaxies (Ciotti et al. 2010; Ciotti
& Ziaee Lorzad 2018). The timescale of the different phases of
activity may depend on the environment (Hogan et al. 2015).
Different observations of AGN at optical and radio wave-
lengths have suggested that the phase of accretion onto the
SMBH, i.e. the active phase, is short compared to the lifetime of
the galaxy, and that it may be recurrent (e.g. Woltjer 1959; Mar-
coni et al. 2004; Saikia & Jamrozy 2009; Shabala et al. 2017;
Kuz´micz et al. 2017; Morganti 2017). In the optical bands, the
multiple episodes of nuclear activity are sometimes identified by
the presence of ‘light echoes’, i.e. clouds of gas ionised by an
AGN in the outskirts of a galaxy without an active core (see,
for example, Lintott et al. 2009; Józsa et al. 2009; Comerford
et al. 2017). In the radio band, multiple phases of activity can be
identified by the presence of both a flat-spectrum core, indicat-
ing a recent activity, and a large-scale diffuse emission around
the AGN, with a steep-spectrum brightening at low frequencies
(. 1 GHz), tracing the remnant of a past activity (Jamrozy et al.
2004; Parma et al. 2007; Shulevski et al. 2012; Brienza et al.
2016). In some cases, jets related to the nuclear activity of the
present epoch may also be found (e.g. Jones & Preston 2001;
Saikia & Jamrozy 2009; Shulevski et al. 2012).
The radio emission of AGN allows us to measure the duty-
cycle of the nuclear activity. In particular, the steepening of the
radio spectrum is often interpreted as radiative ageing of the
electron population in the relativistic plasma (see, for example,
Carilli et al. 1991; Komissarov & Gubanov 1994; Parma et al.
1999; Murgia et al. 1999; Orrù et al. 2010; Murgia et al. 2011,
2012; Harwood et al. 2013; Kolokythas et al. 2015).
In nearby AGN different studies traced the history of injec-
tion of relativistic particles from the SMBH into the radio jets
and lobes, through the pixel-by-pixel study of the spectral in-
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dex and break-frequency maps of the AGN radio spectrum (e.g.
Murgia et al. 2010b,a; Orrù et al. 2010; de Gasperin et al. 2012).
In particular, these studies related the energetic output of each
episode of AGN activity to the fate of the host galaxy and its
surrounding environment (Gizani & Leahy 2003; Stanghellini
et al. 2005; de Gasperin et al. 2014; Brienza et al. 2018).
In this paper, we study the radio spectrum of Fornax A,
the third brightest nearby radio galaxy (DL = 20.8 ± 0.5 Mpc;
Cantiello et al. 2013)1 after Centaurus A and M 87, to determine
the time-scale and the duty-cycle of its nuclear activity.
1.1. Fornax A
Fornax A is one of the most fascinating radio sources in the local
Universe because of its filamentary extended radio lobes (∼ 1.1◦
Ekers et al. 1983; Fomalont et al. 1989; Bernardi et al. 2013). To
the south of the galaxy, a ‘bridge’ of synchrotron emission con-
nects the two lobes. In the centre, two radio jets are embedded in
the host galaxy (r . 6 kpc) and exhibit an s-shaped morphology
(Geldzahler & Fomalont 1978, 1984). The emission of the jets
extends all the way to the centre of the galaxy at angular reso-
lutions & 1′′ (Geldzahler & Fomalont 1984). Most of the radio
emission is produced in the extended lobes. At 1.4 GHz, their
total flux density is 121 Jy while that of the jets (including the
galaxy centre) is ∼ 300 mJy (Fomalont et al. 1989). The very
central flux density is ∼ 100 mJy and ∼ 30 mJy at 1.4 GHz
and 4.8 GHz, respectively (at the resolution of ∼ 1′′) while it is
∼ 7 mJy at 15 GHz (resolution ∼ 0.1′′; Geldzahler & Fomalont
1984). However, no central emission is detected at 2.2 GHz and
8.4 GHz down to 3 and 6 mJy (1 sigma upper limits) at a res-
olution of 90 and 27 mas, respectively (Jones et al. 1994; Slee
et al. 1994). A summary of the properties of Fornax A is shown
in Table 1.
Fornax A is hosted by the giant early-type galaxy NGC 1316,
which is the brightest member of a galaxy group at the outskirts
of the Fornax cluster, likely falling into it (Drinkwater et al.
2001). The brightest cluster galaxy NGC 1399 is located ∼ 4◦
to the north-east of Fornax A. NGC 1316 shows clear indica-
tions of a past major merger event, that likely formed the several
tails and loops at the outskirts of the stellar body (Schweizer
1980; Grillmair et al. 1999; Mackie & Fabbiano 1998; Carlqvist
2010; Galametz et al. 2012; Duah Asabere et al. 2016). Deep
photometric observations indicate that NGC 1316 may be in
a later phase of mass assembly, where smaller satellites recur-
sively accrete into the galaxy (Iodice et al. 2017). The major
merger event likely brought large amounts of dust, cold molec-
ular gas (Horellou et al. 2001; Roussel et al. 2007; Galametz
et al. 2014; Morokuma-Matsui et al. 2019) and neutral hydro-
gen (Horellou et al. 2001; Serra et al. 2019) in the centre and
around the galaxy.
Based on the spread in age of the globular clusters hosted
by NGC 1316 the merger is estimated to have occurred 1 – 3
Gyr ago (Schweizer 1980; Goudfrooij et al. 2001; Sesto et al.
2016, 2018), and it has been suggested to have possibly trig-
gered the nuclear activity of Fornax A (e.g. Ekers et al. 1983;
Fomalont et al. 1989; McKinley et al. 2015). Nevertheless, large
uncertainties remain on the timescale of formation of the radio
lobes. Moreover, this past merger event does not well explain the
properties of the central emission (Geldzahler & Fomalont 1978,
1 Throughout this paper we use a ΛCDM cosmology, with Hubble con-
stant H0 = 70 km s−1 Mpc−1 and ΩΛ = 0.7 and ΩM = 0.3. At the distance
of Fornax A the image scale is 101 parsec/arcsec.
1984), nor the soft X-ray cavities between the lobes and the host
galaxy (Lanz et al. 2010).
Crucial information on the pressure of the medium through
which the radio lobes are expanding could be provided by high
energy observations, but the extent of the radio lobes of Fornax A
and their proximity does not allow a complete mapping of the
X-ray halo surrounding the radio source. Nevertheless, some re-
gions of the West lobe of Fornax A are bright at high energies
showing γ-ray emission (Ackermann et al. 2016). The soft X-ray
spectrum of the West lobe shows hints of diffuse thermal emis-
sion that may trace material entrained by the expanding radio
lobes (Seta et al. 2013), which may also explain the presence of
the low-polarisation patches in the filaments of the lobes (An-
derson et al. 2018). Iyomoto et al. (1998) show that the X-ray
spectrum of the nucleus of Fornax A suggests that the AGN is
currently inactive, while Lanz et al. (2010) identify two X-ray
cavities between the host galaxy and the radio lobes.
McKinley et al. (2015) studied the total flux density of
Fornax A in the radio, X-ray and γ-ray frequencies, providing
information on the energy that must have been injected by the
AGN into the surrounding inter-galactic medium (IGM). To gain
further insights on how the AGN formed the giant radio lobes
and the central emission of Fornax A, it is crucial to spatially
resolve these components over a broad radio band, and trace the
differences in their flux density distributions.
In this paper, we present a new MeerKAT (Jonas &
MeerKAT Team 2016) interferometric observation of Fornax A
in the L-band (900-1710 MHz) and a new Sardinia Radio Tele-
scope (SRT) single-dish observation in the C-band (5800-6700
MHz). We use these observations, along with archival observa-
tions from other radio telescopes, to study the main properties
of the flux density of Fornax A between 84 MHz and 217 GHz
and to understand the mechanisms and timescales of formation
of the lobes and of the jets of this AGN. The paper is struc-
tured as follows: in the next section we present the data used to
study the radio emission of Fornax A. In Sect. 3 we show the ra-
dio spectrum of the lobes and of the central emission. Section 4
focuses on the properties of the radio jets emission determined
from the high resolution MeerKAT observation. In Sect. 5 we
infer the main physical parameters that characterise the flux den-
sity of the lobes and central emission. In Sect. 6 we discuss the
spectral flux index and break-frequency maps obtained from the
MeerKAT images. In Sect. 7 we relate the properties of the ra-
dio emission of Fornax A to the nuclear activity that formed it,
providing indications on how the extended radio lobes may have
expanded in the IGM and suggesting a timeline for the nuclear
activity. Section 8 presents a summary of the main results of this
paper.
2. Multi-wavelength observations
The goals of our study are to characterise the AGN activity his-
tory that created the large radio lobes and the central emission of
Fornax A. The first goal requires, over a wide range of frequen-
cies, images sensitive to low-surface-brightness emission over a
wide field of view, since the lobes are faint and extend for ∼ 1◦ in
the sky. To achieve the second goal we need images with ∼ 10′′
angular resolution to resolve the central emission.
Over the wide frequency range required to infer the history
of the nuclear activity, most available datasets are not suitable for
both goals because typically those with a large field of view do
not have adequate angular resolution – the only exception being
the new MeerKAT data presented here.
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Fig. 1. Fornax A seen by MeerKAT at 1.44 GHz. The radio emission is in red, as well as the background and foreground sources. The 3-colour
composite image (from the gri bands) of the same field of view is taken from the Fornax Deep Survey (Iodice et al. 2017).
For these reasons, we select two different sets of observa-
tions to analyse the radio emission in the lobes and in the centre
of Fornax A. To study the lobes we need wide field of view ob-
servations sensitive to the diffuse emission of the lobes (i.e. good
uv-coverage on the short baselines), while arcsecond resolution
is not needed. Hence, between 84 and 200 MHz we choose ob-
servations from the GaLactic and Extra-galactic All-sky MWA
survey (GLEAM; Hurley-Walker et al. 2017) of the Murchinson
Wide Field Array. We use the MeerKAT observation to generate
images of Fornax A at 1.03 and 1.44 GHz. At 1.5 GHz we choose
archival Very Large Array (VLA) observations (Fomalont et al.
1989). Between 5.7 and 6.9 GHz we use the new observation of
the SRT. Between 70 GHz and 217 GHz, we select images of
Fornax A from the final release of the Planck foreground maps
(Planck Collaboration et al. 2018).
The second set is needed to study the central emission,
hence we select observations with arcsecond resolution: the
MeerKAT images at 1.03 and 1.44 GHz, archival VLA ob-
servations at 4.8 and 15 GHz (Geldzahler & Fomalont 1984),
and an observation at 108 GHz taken with the Morita Ar-
ray of the Atacama Large Millimeter and sub-millimeter Array
(ALMA) (Morokuma-Matsui et al. 2019).
The main properties of all observations considered in this
paper are summarised in Table 2. In the following sections, we
provide further details on the new MeerKAT, SRT and ALMA
observations (see Sects. 2.1 2.2 and 2.3, respectively). Details on
the reduction of archival observations are given in Appendix A.
2.1. MeerKAT: 1.03 GHz and 1.44 GHz
MeerKAT is an interferometric radio telescope built in South
Africa as a precursor for the ‘small dish plus single-pixel, wide-
band feed’ component of the Square Kilometer Array (Jonas &
MeerKAT Team 2016; Camilo et al. 2018). In preparation for
the MeerKAT Fornax Survey (Serra et al. 2016), whose aim is
to study galaxy evolution in the Fornax cluster, we analyse a
MeerKAT commissioning observation of Fornax A.
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Table 1. General properties of Fornax A
Parameter Value Ref
Right Ascension α (J2000) 03h22m41.7s (*)
Declination δ (J2000) −37d12m30s (*)
DL 20.8 Mpc (1)
S 1.4 GHz (total) 128 Jy (*)
S 1.4 GHz (peak) 125 mJy (*)
P1.4 GHz (lobes) 1 × 1025 W Hz−1 (*)
P1.4 GHz (peak) 5.5 × 1022 W Hz−1 (*)
Lobes radius 20′−28′ (122-170 kpc) (*)
Beq (Lobes r < 170kpc) 3.0 µG (*)
Magnetic field, Bav 2.6 ± 0.3 µG (2,3)
IC magnetic field, BIC 3.2 µG (3)
B/BIC 0.8 (3)
References. (*) this work (1) Cantiello et al. (2013) (2) Anderson et al.
(2018) (3) McKinley et al. (2015).
This observation was taken on June 2, 2018 with a reduced
array of 40 antennas and the SKARAB-4K correlator (4096
channels with resolution of approximately 209 kHz) over the full
MeerKAT bandwidth, 0.86 – 1.71 GHz. The total observing time
on target was 7.8 hours.
A complete description of the reduction of this observation
can be found in Serra et al. (2019). Here, we focus on how we
generated the continuum images of Fornax A between 0.98 and
1.08 GHz and between 1.38 GHz and 1.50 GHz, needed for the
purposes of this paper.
The reduction of this observation was done with a new
pipeline that is being developed for the reduction of contin-
uum and spectral interferometric observations (Makhathini et
al. in prep)2. The pipeline is set up in a modular fashion using
the platform-independent radio interferometry scripting frame-
work stimela3. This means that for each step of the data re-
duction, such as calibration, flagging, self-calibration, we use
tasks from different radio astronomical packages. Imaging was
performed in Stokes I using WSclean (Offringa et al. 2014).
Multi-scale cleaning (Offringa & Smirnov 2017) was performed
within a mask marking the regions of Fornax A and of the
other sources in the field. In the first imaging step, we gener-
ated a clean mask from the VLA observations at 1.5 GHz (Fo-
malont et al. 1989, see Appendix A). In the subsequent steps,
the clean mask was recursively improved by running the source
finder SoFiA (Serra et al. 2015) on the cleaned image. We iter-
atively imaged with Briggs weighting robust= −0.5, and we
calibrated, using MeqTrees (Noordam & Smirnov 2010), solv-
ing for frequency-independent gain phase with a solution time
interval of 2 minutes. Shorter time intervals were found to pro-
duce noisier gain solutions with no improvement in the images,
while longer time intervals failed to capture the gain variations
in the data and caused low-level artefacts.
Given the large extent of the lobes of Fornax A (1.1◦), in or-
der to accurately study the properties of their radio spectrum it
is crucial to correct the images with an accurate primary beam
model. We created the primary beam Jones matrix of MeerKAT
for any frequency of L-band observations, using eidos (Asad
et al. 2019) 4. From the Jones matrix we produced the im-
ages of the real and imaginary parts of the primary beam self-
correlations (xx and yy). Their combination results in the image
2 https://github.com/ska-sa/meerkathi
3 https://github.com/SpheMakh/Stimela
4 https://github.com/ratt-ru/eidos
of the primary beam in the same field of view and with the same
pixel size as the continuum images. We obtained the primary
beam corrected images by dividing the continuum images by the
primary beam images at the corresponding frequency.
Figure 1 shows the radio emission of Fornax A seen by
MeerKAT at 1.44 GHz overlaid on the deep photometric image
from the Fornax Deep Survey (FDS) 3-colour composite (from
the gri bands) (Iodice et al. 2017). The average noise in the 2◦
field of view is 16 µJy beam−1. The dynamic range of the image
(defined as the ratio between the peak emission of Fornax A and
the noise in the image) is ∼ 7000. This, along with the complete
uv-coverage of MeerKAT over short (. 50 m), as well as long
(& 2 km), baselines allows us, for the very first time, to detect
with high resolution (6.8′′ × 5.8′′, PA= 117◦) and signal to noise
(S/N> 20) the diffuse emission at the edges of the radio lobes.
In the same short (∼ 8 hours) observation, we also spatially re-
solve the central emission and the filaments of the lobes. Figure 2
shows the radio emission of Fornax A at 1.03 GHz. The image
has similar resolution (11.2′′ × 9.1′′, PA= 119◦) and sensitivity
(noise ∼ 28 µJy beam−1) as the image at 1.44 GHz. Only in the
proximity of bright (& 15 mJy beam−1) sources at about 1 degree
from the phase centre (where the response of the MeerKAT an-
tennas drops) the noise increases because of direction-dependent
calibration effects. We did not attempt to correct for such effects.
The images obtained from the MeerKAT observation allow
us to reveal the double-shell structure of the lobes of Fornax A,
where the bright filaments appear embedded in a diffuse cocoon.
For the first time, we are able to study the spectral properties
of this double-shell structure and understand how the lobes of
Fornax A may have formed.
2.2. SRT: 5.7 GHz – 6.9 GHz
Fornax A was observed with the SRT on January 26 and Febru-
ary 7, 2017. These observations were conducted in the context
of the development of the spectral-polarimetric wide-field imag-
ing of the SARDARA backend (SArdinia Roach2-based Digital
Architecture for Radio Astronomy; Melis et al. 2018). The to-
tal observing time on target was 4.5 hours. We performed sev-
eral on-the-fly (OTF) mappings in the equatorial frame in both
right ascension and declination. We imaged a field of view of
1.2◦ × 1.2◦ using four RA and three Dec scans. The average an-
gular resolution of the SRT at this frequency is FWHM = 3.0′
so we set the telescope scanning speed to 6′ s−1 and the scan sep-
aration to 42′′ to properly sample the beam. The correlator con-
figuration was set to 1024 frequency channels (2.2-MHz- wide)
for a total bandwidth of 2300 MHz in full-Stokes mode. We set
the Local Oscillator to 5600 MHz and used a filter to select the
frequency range 5700 – 6945 MHz, which is relatively free from
strong radio frequency interference.
Data reduction was performed with the proprietary Single-
dish Spectral-polarimetry Software (SCUBE; Murgia et al. 2016).
Bandpass and flux density calibration were performed by ob-
serving respectively 3C 138 and 3C 295, assuming the flux den-
sity scale of Perley & Butler (2013a). Persistent radio fre-
quency interference (RFI) were flagged and we applied the
gain-elevation curve correction to account for the gain variation
with elevation due to the telescope structure gravitational stress
change. In band C, SRT observations are only moderately af-
fected by atmospheric absorption which depends on the weather
conditions at the telescope site and on the elevation of the source.
At the time of the observations, the opacity (τ) was 0.008 and
0.009, respectively. Since, Fornax A had elevation (el) . 15◦,
the opacity correction to the flux density is:
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Table 2. Main properties of the observations
Telescope Frequency Bandwidth Spatial Resolution Image r.m.s.
[GHz] [MHz] [mJy beam−1]
MWA† 0.084 31 5.0′ × 4.7′ 256
0.105 31 3.6′ × 3.4′ 102
0.20 61 2.3′ × 2.2′ 28.1
VLA† 0.32 26 1.5′ × 0.6′ 3.18
MeerKAT 1.03 100 11.2′′ × 9.1′′ 0.03
1.44 120 6.8′′ × 5.8′′ 0.02
VLA† 1.50 12 14′′ × 14′′ 0.15
VLA? 4.86 100 3.9′′ × 3.9′′ 0.08
SRT† 5.80 100 3.3′ × 3.3′ 7.19
5.90 200 3.2′ × 3.2′ 7.71
6.10 200 3.1′ × 3.1′ 6.79
6.30 200 3.0′ × 3.0′ 6.73
6.50 200 2.9′ × 2.9′ 6.84
6.70 200 2.8′ × 2.8′ 6.95
6.87 145 2.7′ × 2.7′ 6.05
VLA? 14.9 100 4.1′′ × 4.1′′ 0.12
Planck† 30.0 6000 32′ × 32′ 482
40.0 4800 27′ × 27′ 336
70.0 14×103 13′ × 13′ 108
100 32×103 9.7′ × 9.7′ 81.8
ALMA - Morita Array? 108 8 × 103 18.1′′ × 9.0′′ 0.21
Planck† 143 46×103 7.2′ × 7.2′ 36.9
217 65×103 5.0′ × 5.0′ 26.5
Notes. ? observations considered only for the analysis of the radio emission in the central kpc.
† observations considered only for the analysis of the radio emission in the East and West lobe.
k =
(
e
−τ
sin(el)
)−1
= 1.05 (1)
We performed the polarisation calibration by correcting the
instrumental polarisation and the absolute polarisation angle.The
on-axis instrumental polarisation was determined through obser-
vations of the bright unpolarised source 3C 84. The leakage of
Stokes I into Q and U is in general less than 2% across the band,
with a r.m.s. scatter of 0.7−0.8%. We fixed the absolute position
of the polarisation angle using as reference the primary polarisa-
tion calibrator 3C 138. The difference between the observed and
predicted position angle according to Perley & Butler (2013b)
was determined, and corrected channel-by-channel.
All frequency cubes obtained by gridding the scans along the
two orthogonal axes (RA and Dec) were then stacked together
to produce full-Stokes I, Q, U images of an area of 1.2 square
degree centred on Fornax A. In the combination, the individual
image cubes were averaged and de-stripped by mixing their Sta-
tionary Wavelet Transform (SWT) coefficients (see Murgia et al.
2016, , for details). For the purposes of this work we further
averaged the total intensity spectral cube into seven sub-bands
of about 200 MHz in width. The resulting images are shown in
Fig. 3, their noise varies between 7.2 and 6.0 mJy beam−1(see
Table 2). We use these observations only to analyse the emission
of the radio lobes of Fornax A, since the SRT beam does not
resolve the central radio emission of Fornax A.
2.3. ALMA: 108 GHz
Observations of Fornax A centred at 108 GHz were carried out
during cycle 5 as part of an ALMA survey of 65 galaxies in
the Fornax cluster (PI Kana Morokuma-Matsui, project code
2017.1.00129.S)
These observations were taken during an observing cam-
paign that lasted from October 16 to December 21, 2017, and
consist of 10 different pointings of the ALMA-Morita array
within the innermost 2′ × 3′ of Fornax A (∼ 12 × 18 kpc).
The chosen array configuration has baselines ranging from 8.9
m to 48.9 m. The main goal of these observations was to ob-
serve the distribution and kinematics of the molecular gas in
NGC 1316, at traced by the CO(1-0) line at νrest = 115.27
GHz (Morokuma-Matsui et al. 2019). Three 2-GHz wide spec-
tral windows were dedicated to continuum studies (centred at
113.39 GHz , 103.27 GHz and 101.39 GHz, respectively). The
continuum image shown in Fig. 4 (bottom right panel) was gen-
erated considering all four spectral windows of the observation,
where the frequency range of the detected 12CO (1-0) line emis-
sion and of the tentative detection of the CN hyper-fine transi-
tions at 112.85 GHz have been flagged. This image allows us to
estimate the flux density of the continuum emission in the inner-
most kpc of Fornax A in the millimetre band.
The calibration of the Morita-Array observations was con-
ducted with the ALMA pipeline version 40896 (Pipeline
CASA51-P2-B; Petry & CASA Development Team 2012) at
the Joint ALMA Observatory (JAO). The continuum image
was generated using CASA. In particular, we used the task
tclean with Briggs weighting and robust parameter 0.5.
We performed cleaning using the hogbom algorithm within
a mask selected by standard auto-threshold and mosaick-
ing options (sidelobethreshold = 1.25, noisethreshold
= 5, meanbeamfrac = 0.1, lownoisethreshold = 2.0,
negativethreshold = 0.0, gridder = ‘mosaic’). The synthe-
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Fig. 2. Fornax A seen by MeerKAT at 1.03 GHz. The white contours mark the region where we measure the total flux density of the source, the
red and blue contours the regions of the East and West lobe. The synthesized beam of the image is 11.2′′ × 9.1′′.
sized beam is 18.1′′ × 9.0′′ (∼ 1.8 × 0.99 kpc) with PA = −89◦,
and the noise is 0.21 mJy beam−1.
3. Radio flux density of Fornax A
In this section we measure the flux density distribution of the
radio lobes of Fornax A between 84 MHz and 217 GHz, and of
the central emission between 1.03 and 108 GHz.
3.1. The lobes
We analyse the properties of the radio lobes of Fornax A sepa-
rately. The regions enclosing the East and West lobe are shown
in Fig. 2. We define the regions large enough to cover the radio
lobes at all frequencies. The figure also shows the region where
we measure the total flux of Fornax A (that is dominated by the
emission of the two lobes). We use this measurement to compare
our results to those in the literature (McKinley et al. 2015; Perley
& Butler 2017), where the analysis of the flux density distribu-
tion was performed on the sum of the emission of the two lobes
(see Appendix A for further details).
Before measuring the flux, all images are corrected for the
primary beam response and re-projected to the same reference
frame. In each image, the noise per beam is equal to the disper-
sion of the signal in the field of view, once all sources have been
excluded. This is a reliable measurement of the noise only if
it has constant power spectrum density (i.e. white noise). This
is the case for all considered observations except for the im-
ages taken from the full-sky Planck foreground maps. The back-
ground of the Planck images is not flat, but has large non-zero
patches. We include those large-scale fluctuations of the back-
ground in our estimate of the Fornax A flux uncertainties. The
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Fig. 3. Fornax A seen between 5.7 and 6.87 GHz by the SRT. In the top left panel, the contours mark the regions where we measure the total flux
density and the flux density of the lobes (in white, red and blue, respectively). The synthesized beam of the images is shown in white in the bottom
left corner of each panel.
origin of those patches could be related to the background sub-
traction process. To obtain a reliable estimate of the error on the
Planck flux densities of Fornax A, we extract the images on a
large field of view (∼ 4 degrees), and we measure the error on
the flux density as the dispersion of the flux density of 100 inde-
pendent regions in the field of view of shape and size equal to the
regions where we measure the flux density of the lobes (Fig. 2),
Further details on the reduction and analysis of the Planck ob-
servations are given in Appendix A.3.
The total flux density of Fornax A and the flux densities of
the East and West lobes with errors are shown in Table 3. At
each frequency, the error on the flux density is the combination
between the noise in the image (shown in Table 2 for each ob-
servation) and the error due to the uncertainties in the calibration
of the observations, which is 20% for MWA (McKinley et al.
2015), 15% for Planck (Planck Collaboration et al. 2018), 5%
for SRT (Egron et al. 2017; Battistelli et al. 2019) and 3% for
VLA (Perley & Butler 2017), respectively. For the MeerKAT
observation we estimate a flux-calibration error of 5%, to allow
for uncertainties in the flux of the gain calibrator. Archival obser-
vations from the VLA and MWA are on the Baars et al. (1977)
flux density scale, Planck observations are on an absolute flux
density scale (Partridge et al. 2016), while MeerKAT, SRT and
ALMA observations have been calibrated according to Perley &
Butler (2017). Discrepancies caused by these different scales are
typically on the order of ∼ 1–3%, and are within the errors we
assume on the flux density measurements.
Figure 5 shows the flux density of the radio lobes and the to-
tal radio emission of Fornax A. As shown in Fig. B.1 and in Ta-
ble B.1, over the frequency range in common, the measurements
Article number, page 7 of 26
A&A proofs: manuscript no. fornaxAflickering
0
1
2
3
4
m
Jy
be
am
−1
3h22m38s40s42s44s46s
RA (J2000)
108 GHz
3h22m38s40s42s44s46s
RA (J2000)
13′
−37◦12′
D
ec
(J
20
00
)
14.9 GHz
4.86 GHz
13′
−37◦12′
D
ec
(J
20
00
)
1.44 GHz
1 kpc
Fig. 4. The central emission of Fornax A seen at 1.44 GHz by MeerKAT (top left panel), at 4.86 GHz (top right panel), 14.9 GHz (bottom left
panel) by the VLA and at 108 GHz (bottom right panel) by ALMA. The PSF of the images is shown in white in the bottom left corner. Contour
levels start at 0.6 mJy beam−1, increasing by factors of 3. In the top left panel, the black dots show where we measured the variations in flux density
and width along the jets (see Sect. 4 for further details).
of this work are consistent with the measurements of McKin-
ley et al. (2015) and Perley & Butler (2017). Further details are
given in Appendix B.
3.2. The central emission
The central radio emission of Fornax A is clearly visible in the
MeerKAT images (see Fig. 1, 2 and Fig. 4). At 4.8 GHz and 14
GHz, this emission is still visible in VLA images (see the top
right and bottom left panel of Fig. 4). The ALMA image does
not show significant extended emission beyond the central syn-
thesized beam (18.1′′×9.0′′, see the bottom right panel of Fig. 4).
Given the morphology of the central emission, we measure its
flux density by dividing it into two parts, the central unresolved
component (hereafter, the kpc-core) and the extended component
forming the emission (the jets).
To measure these flux densities, we regrid all images to a
common frame of reference and we convolve them to the low-
est resolution of the sample (18.1′′ × 18.1′′). We define a region
including the emission in all images (see the top left panel of
Fig. 4). Since the kpc-core is unresolved, its flux density is equal
to the peak flux within the central synthesized beam. The flux
density of the jets is the sum of the emission in the selected re-
gion minus the flux density of the kpc-core. Table 4 shows the
flux densities of both components at all selected frequencies. The
spectrum of the two components is shown in the right panel of
Fig. 5. The spectral shape of the extended component is much
steeper than the one of the kpc-core.
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Fig. 5. Left panel: Total flux density distribution of Fornax A between 84 MHz and 217 GHz (in black) and of the East and West lobes (in red and
blue, respectively). The dashed error bars represent 1σ upper limits at the frequencies where the lobes are not detected. Right panel: flux density
distribution of the kpc-core (green) and of the jets (magenta) of the central emission of Fornax A between 1.03 and 108 GHz.
Table 3. Total flux density of Fornax A, and of the East and West lobe.
Frequency East Lobe West Lobe Total
[GHz] [Jy] [Jy] [Jy]
0.84 276 ± 55 504 ± 101 788 ± 158
0.118 237 ± 48 448 ± 89 692 ± 138
0.154 229 ± 46 387 ± 77 624 ± 125
0.200 185 ± 37 341 ± 68 533 ± 106
0.320 106 ± 5 236 ± 12 345 ± 17
1.03 61 ± 3 101 ± 5 163 ± 8
1.44 47 ± 2 80 ± 4 128 ± 6
1.50 41 ± 2 78 ± 4 121 ± 6
5.80 16 ± 1 26 ± 1 44 ± 2
5.90 16 ± 1 27 ± 1 44 ± 2
6.10 16 ± 1 27 ± 1 44 ± 2
6.30 16 ± 1 27 ± 1 44 ± 2
6.50 16 ± 1 26 ± 1 43 ± 2
6.70 15 ± 1 25 ± 1 41 ± 2
6.87 15 ± 1 24 ± 1 39 ± 2
30 3.7 ± 0.6 4.6 ± 0.7 8.5 ± 1.3
44 2.0 ± 0.3 2.5 ± 0.4 4.6 ± 0.7
70 1.2 ± 0.3 1.7 ± 0.4 2.9 ± 0.5
100 0.4 ± 0.3 0.6 ± 0.2 0.9 ± 0.4
143 (0.4) 0.3 ± 0.3 0.3 ± 0.5
217 (0.3) (0.6) (0.7)
Notes. 1σ upper limits are shown within parenthesis, at the frequencies
where the lobes are not detected.
4. Properties of the jets of Fornax A
We analyse the morphology and brightness distribution of the
central emission of Fornax A that we can infer from the high res-
olution observation at 1.44 GHz (see the top left panel of Fig. 4).
In the previous Section, we separated the central emission into
two components, the unresolved kpc-core and the extended jets.
Another way to decompose the central emission consists of con-
sidering as jet the emission in the north-west of the core and as
Table 4. Flux density of the central emission of Fornax A. We refer to
the unresolved component as kpc-core and to the extended component
as jets.
Frequency kpc-core Jets
[GHz] [mJy] [mJy]
1.03 156 ± 8 238 ± 12
1.44 105 ± 5 152 ± 8
4.86 43 ± 2 35 ± 2
14.4 20 ± 1 6 ± 1
108 6.7 ± 0.4 (0.0007)
Notes. 1σ upper limit is shown within parenthesis at 108 GHz, where
the jets are not detected.
counter-jet the emission in the south-east. Both jet and counter-
jet expand symmetrically away from the nucleus with a position
angle of 135◦ (north through east). At the distance of ∼ 2.5 kpc,
both jets bend to the east-west direction, then fade below the 5σ
detection limit (∼ 80 µJy beam−1) at distances above 6 kpc from
the nucleus.
To characterise the jets we measure their variations of trans-
verse size and surface brightness with increasing distance from
the AGN. We fit a single Gaussian to the one-dimensional pro-
files extracted at intervals of 8′′ (approximately half the beam
of the image) in the direction perpendicular to the jet expansion.
This gives us the measured profile width (w0) and peak (I0) as a
function of radius. We correct these values for the effect of the
beam width (wb), as in (Laing et al. 1999):
w =
√
w20 − w2b I = I f
√
w2/w2b + 1 (2)
obtaining the corrected values of transverse size (w) and surface
brightness I as a function of radius.
In the top left panel of Fig. 6, we show the peak surface
brightness of the jet and counter-jet against the radial distance
from the core, which shows that the jet is typically brighter than
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the counter jet. The bottom left panel of the figure, shows that in
the innermost ∼ 2.5 kpc, the jet has approximately between two
and six times the surface brightness of the counter-jet. This ratio
reaches its maximum value in proximity of where the jets bend
(I j/Icj ∼ 6), then it decreases with distance from the nucleus.
Overall the brightness ratio is always lower than 4 suggesting
that the jets are ‘two-sided’ (Bridle & Perley 1984; Bridle et al.
1991).
The bottom right panel of the figure shows the transverse size
of the jet and counter jet with distance from the core in logarith-
mic scale. The ratio between the size of the jet and counter-jet is
maximal where the jets bend, and then decreases with distance
from the centre.
In the top right panel of Fig. 6, we show the brightness ver-
sus the transverse size of the jet and counter-jet, and the model
(dashed black line) that these quantities should follow if the jets
were undergoing adiabatic expansion at constant velocity and
spectral index (a power law with spectral index β ∼ −3.4; Laing
et al. 1999; Parma et al. 1999). The main outliers from this curve
are points tracing the innermost part of the jets (r . 5), be-
fore they bend in the east-west direction. After this bend, it is
possible that the jets are freely expanding. The central emission
may have been generated by precessing jets. S-symmetric bent
jets are a typical signature for this mechanism (Monceau-Baroux
et al. 2014; Donohoe & Smith 2016; Krause et al. 2019).
Knowing the spectral index of the jets (see Sect. 6.2), and
making an assumption on their velocity (β), it is possible to es-
timate their orientation (θ) with respect to the plane of the sky
(θ = 0). The ratio of the flux density of the jets depends on θ, β
and their spectral index as (Bridle & Perley 1984; Parma et al.
1987):
Ij
Icj
=
(1 + β cos θ0
1 − β cos θ0
)3+α
(3)
Assuming αinj (jets) = 0.6 (as we infer from our model) the
orientation angle is < θ >≤ 30◦, for values of β between 0.4
and 0.9c (which are realistic velocities for jets expanding in
the ISM; Parma et al. 1987; Bridle et al. 1991; Churazov et al.
2001). Likely, the orientation of the jets is approximately in the
plane of the sky, and the jet in the north-west is coming towards
the observer.
Assuming that the radio emission contains relativistic par-
ticles confined in a uniformly distributed magnetic field in en-
ergy equipartition conditions (Kardashev 1962; Bridle & Perley
1984), it is possible to estimate the magnetic field strength (in
Gauss) as:
Beq = 9.6 · 10−12
(P1.4 GHz(1 + k)
V3
)2/7
(4)
where the radio power at 1.4 GHz (P1.4 GHz) is expressed is in
W/Hz, k is the ratio between the energy of protons and electrons
in the radio emitting region (assumed equal to 1), and V is the
volume of the emitting region in kpc3.
We determine the equipartition magnetic field of the kpc-
core and of the jets (see Table 5). We assume that an upper limit
to the volume of the kpc-core region is given by the volume of an
ellipsoid with axes equal to the beam of the image at 108 GHz,
which is the lowest resolution with which we image the kpc-core
(x = 18′′, y = 9′′, z = 18′′). The magnetic field of equipartition
of the kpc-core is Beq, kpc−core & 50 µG. The jets extend in the
plane of the sky for approximately 6 kpc in each direction (see
the upper left panel of Fig. 6). We assume that the jets occupy
a cylindrical volume of length 12 kpc and width given by the
average size of the jet and counter-jet (20′′, 2.02 kpc). This gives
us an upper limit to the magnetic field of Beq, jet & 23 µG.
The total energy of a synchrotron source is given by the
energy of the relativistic particles plus the energy of the mag-
netic field in which they are embedded. The energy is mini-
mum when the contributions of magnetic fields and relativis-
tic particles are approximately equal, i.e. equipartition condi-
tion (Pacholczyk 1970). Hence, from the equipartition mag-
netic field we can estimate the minimum energy of the jets:
Beq =
√
24pi/7 umin. We estimate umin, kpc−core & 3.2 × 10−11 erg
cm−3 and umin, jets = 4.9 · 10−12 erg cm−3. If the jets were con-
fined by the external medium, these minimum energies would
require the ISM to have neTe ∼ 4×104 K cm−3. In the innermost
200′′ (21.7 kpc) of Fornax A, X-ray observations have observed
the presence of two cavities, broadly aligned with the jets (Isobe
et al. 2006; Lanz et al. 2010). The Chandra spectrum of the X-
ray emission in the innermost 15 kpc provides an estimate of the
temperature and density of the ISM of 0.77 keV (8.9×106 K) and
0.4 cm−3 (Nagino & Matsushita 2009), exceeding the minimum
ne Te value required for jets confinement by two orders of mag-
nitude. Therefore, the pressure in the central region of Fornax A
is sufficient to confine the jets. The properties of the jets that we
derived in this Section are summarised in Table 5.
Table 5. Mean properties of the jets and kpc-core of Fornax A inferred
from the MeerKAT observation
Parameter Value
P1.4 GHz (kpc-core) 5.5 × 1022 W Hz−1
P1.4 GHz (jets) 1.1 × 1023 W Hz−1
< FWHM > (jet) 14′′
< FWHM > (counter − jet) 20′′
< Beq > (kpc-core) & 50 µG
< Beq > (jets) & 23 µG
< umin > (kpc-core) & 2.3 × 10−10 erg cm−3
< umin > (jets) & 4.9 × 10−11 erg cm−3
< Θ > (opening angle) ≤ 30◦
5. Spectral analysis of the main components of
Fornax A
To estimate the time-scale of formation of the radio lobes of
Fornax A and disentangle the different phases of the nuclear ac-
tivity, we study the spectrum of the integrated radio emission of
the lobes and of the centre. Assuming that radiative energy losses
from synchrotron (s) and inverse Compton (ic) radiation domi-
nate over expansion losses, and by excluding in situ injection or
re-acceleration of the relativistic electrons in the lobes (besides
those provided by the central engine through the radio jets), the
radio spectrum shows a sharp cut-off whose frequency depends
on the age of the radiation and its history of injection (e.g. Kar-
dashev 1962; Pacholczyk 1970; Slee et al. 2001; Murgia et al.
1999, 2011; Harwood et al. 2013). A general equation describing
the variation of the energy distribution of particles in a confined
volume is given by the continuity equation:
∂N(, t)
∂t
+
∂
∂
(
∂
dt
N(, t)
)
+
N(, t)
Tconf
= Q(, t) (5)
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Fig. 6. Top left panel: Surface brightness versus radial distance from the core for the jet (blue circles) and counter-jet of Fornax A (red squares).
The dashed vertical line marks the radius where the jets bend in the east-west direction. Top right panel: Surface brightness of the jet and counter-
jet versus transverse size. The dashed line shows the predicted distribution if the jets were adiabatically expanding. Bottom left panel: Surface
brightness ratio between jet and counter-jet versus radial distance from the core. Bottom left panel: Transverse size of the jet and counter-jet versus
radial distance from the core. Colours are as in the top panels.
where N(, t) is the number of particles of energy  at the time
t. N(, t)/Tconf indicates the frequency with which particles can
escape the volume and Q(, t) represents the continuous injec-
tion of particles into the volume till the time t. Here, we assume
that the relativistic particles injected by the AGN do not escape
the radio lobes or jets, Tconf = ∞. Following Kardashev (1962),
the lobes (or jets) are continuously injected with particles (con-
tinuous injection model, CI) with energies distributed in a power
law:
Q(, t) = A−δ (6)
while the radiative losses can be expressed as:(d
dt
)
s,ic
= b(B2 + B2CMB)
2 = bs,ic2 ∝ B22 (7)
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where b is a generic constant (Pacholczyk 1970). If we assume
that inverse Compton losses are due to the cosmic microwave
background and act as a magnetic field, B2CMB = 8piuCMB (where
uCMB is the energy density of the radiation), then b(B2 +B2CMB) =
bs,ic. We assume that the distribution of electrons stays isotropic
during its losses, which is known as the Jaffe &Perola approxi-
mation (JP; Jaffe & Perola 1973). Under this approximation the
timescale for continuous isotropisation of the electrons is much
shorter than their radiative lifetime, and their losses do not de-
pend on the actual pitch angle but rather on an average performed
over all possible angles they travelled since the injection. The
losses depend on the magnetic field on the perpendicular direc-
tion to the motion of the electrons:
bs,ic = 2.37 · 10−3 · (2/3) · B2⊥ (8)
Under these assumptions, the number of particles of energy  at
a given time t is given by the solution of Eq. 5:
N(, t) ≈ A · −δ · t ,  < ? = 1
bs,ict
≈ A
δ − 1 ·
−(δ+1)
bs,ic
,  & ? =
1
bs,ict
(9)
In the spectrum of the CI model, Js(ν), two power law regimes
can be identified:
Js(ν) ∝ ν−(δ−1)/2 = ν−αinj , ν < νbreak
∝ ν−δ/2 = ν−(αinj+1/2) , ν & νbreak (10)
At low energies (below the break-frequency, νbreak), the spectral
index is αinj = δ−12 , while at high energies (ν & νbreak) the index is
αhigh = αinj+1/2. The cutoff frequency depends on the time since
the injection began, i.e. the radiative age of the source ts (e.g.
Murgia et al. 2010a; Orrù et al. 2010; Harwood et al. 2013):
ts = 1610
B0.5
B2 + B2CMB
1
[νbreak(1 + z)]1/2]
(11)
A more complicated scenario describing the radiation of the
lobes and jets of Fornax A can be the continuous injection plus
turn off model (CIOFF). The injection of high energy particles
from the nucleus starts at t = 0 and, at the time tCI, it is switched
off (Q(, tCI) = 0). After that, a new phase of duration tOFF be-
gins (i.e. the off phase of the AGN), and ts = tCI + tOFF (e.g. Slee
et al. 2001; Parma et al. 2007; Murgia et al. 2011). Compared
to the CI model, the spectral shape is characterised by a second
break-frequency (νbreak, high), beyond which the radiation spec-
trum drops exponentially. This frequency depends on the ratio
between the dying phase and the total age of the source (ts/tOFF):
νbreak, high = νbreak
(
1 +
tCI
tOFF
)2
= νbreak
( ts
tOFF
)2
(12)
The longer the source has been off, the shorter is the distance
between the two break-frequencies.
In the following sections, we determine if the radio lobes
and the kpc-core and jets of Fornax A are best described by a
continuous injection model (CI) or by a continuous injection plus
turn-off model (CIOFF). We measure the break-frequency (νbreak)
injection index (αinj), and, eventually, tOFF/tstart, that define the
spectral shape of the different components and we estimate the
age of their synchrotron radiation. We study the variations of the
spectral shape through the lobes and jets and build the map of
the break-frequency to constrain their injection history.
To determine the best-fit models, we use the software pack-
age SYNAGE++ (Murgia et al. 1999), that has been used to mea-
sure the age of the relativistic electrons for several radio AGN
(e.g. Parma et al. 1999; Murgia 2003; Murgia et al. 2010a; Orrù
et al. 2010; Murgia et al. 2011, 2012; Kolokythas et al. 2015).
5.1. Spectral modelling of the lobes
Figure 7 shows the CI and CIOFF models that best fit the ra-
dio spectrum of the East and West lobes. At & 143 GHz both
lobes are undetected, marking a sharp cut-off in the spectrum.
The best-fit parameters for both models are listed in Table 6. We
use the reduced-chi-squared to determine which model is best
fits the spectrum. For both lobes, the reduced-chi-squared (χ˜2)
of the CIOFF model has values closer to 1 than the χ˜2 of the CI
model. This, along with the sharp cut-off at high frequencies,
suggests that the radio spectrum of both radio lobes is best de-
scribed by the CIOFF model and that, currently, the radio lobes
are not being injected with relativistic particles.
According to the CIOFF model, the injection spectral index
of the particles in the East lobe is αinj = 0.57+0.02−0.10, the break-
frequency is νbreak,E = 32+8−27 GHz and the dying to total age
ratio of is tOFF/ts = 0.49+0.08−0.42. Assuming that the magnetic field
of the lobes is 2.6±0.3µG (Isobe et al. 2006; Tashiro et al. 2009)
the radiative age of the lobe is ts,E = 25+23−19 Myr. Likely, in the
last tOFF,E = 12+2−9 Myr (∼ 49% of the total lifetime of the AGN)
the East lobe has not been replenished with relativistic particles.
The results obtained for the West lobe are compatible with
the ones of the East lobe, αinj = 0.63+0.02−0.04, νbreak,W = 33
+9
−26 GHz
and tOFF/ts = 0.53+0.18−0.41. This gives ts,W = 23
+20
−17 Myr and
tOFF,W = 12+4−8 Myr.
The best-fit CIOFF models of the total spectrum and of the
West lobe have χ˜2 . 1. This likely occurs because the model
is not only always compatible with the measured fluxes, within
the errors, but it also falls very close to the measured fluxes all
through the spectrum. The errors on the flux density at two fre-
quencies observed with the same telescopes are not independent,
which could bias the χ˜2 statistics. Nevertheless, for the purposes
of this study the χ˜2 is a good indicator to determine which one
between the CI or the CIOFF model better fits the observed radio
spectra.
The spectral index of the lobes of Fornax A measured be-
tween 115 MHz and 1140 MHz (α = 0.77 ± 0.05; McKin-
ley et al. 2015) and from the X-ray Inverse Compton emis-
sion (α = 0.68; Isobe et al. 2006; Tashiro et al. 2009) is overall
slightly steeper than the injection index we measure. This occurs
because the spectral index of the flux density of the lobes is the
exponent for which a single power law well approximates the
flux density distribution, in a limited interval of frequencies be-
low νbreak. On the contrary, the injection index describes a double
power law with a high frequency cut-off.
A fundamental assumption in estimating the radiative age of
the radio source is that the magnetic field within the lobes is con-
stant. In the lobes of Fornax A we assumed B = 2.6 ± 0.3µG, as
it has been measured from the simultaneous modelling of syn-
chrotron emission and inverse Compton-scattered X-ray emis-
sion (Isobe et al. 2006; Tashiro et al. 2009). This value agrees
with the magnetic field of equipartition (Beq ∼ 3.0 µG), derived
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Fig. 7. Left panel: spectrum of the East lobe fitted with a continuous injection model (CI) and a continuous injection with a turn-off (CIOFF). Right
panel: spectrum of the West lobe fitted with the same models as in the left panel.
Table 6. Physical parameters of the radio emission of the different components of Fornax A according to the results of the spectral modelling
Component χ˜2 αinj νbreak [GHz] tOFF/ts
CI CIOFF CI CIOFF CI CIOFF CIOFF
Total 1.29 0.38 0.59+0.01−0.05 0.62
+0.03
−0.07 9
+2
−4 39
+4
−31 0.59
+0.23
−0.49
East Lobe 1.65 1.03 0.54+0.02−0.06 0.57
+0.02
−0.10 8
+2
−4 32
+8
−27 0.49
+0.08
−0.42
West Lobe 1.80 0.45 0.63+0.02−0.04 0.63
+0.02
−0.04 9
+2
−3 33
+9
−26 0.53
+0.18
−0.41
kpc-core 10.1 20.3 0.67+0.02−0.03 0.68
+0.02
−0.03 & 250 & 250 -
Jets 2.69 1.01 1.05+0.06−0.16 0.92
+0.09
−0.20 7
+2
−5 19
+2
−16 0.89
+0.01
−0.71
Notes. χ˜2: reliability of the best-fit model. αinj: injection index of the flux density distribution. νbreak: break-frequency of the spectrum. tOFF/ts:
ratio between the total lifetime of the AGN and the off-phase. Further details about these parameters are are given in Sect. 5.
assuming a volume of the lobes of ∼ 150 kpc3), suggesting that
the radio lobes are in a state of minimum energy. The value of
the inverse Compton magnetic field estimated from the distance
of the source is BIC = 3.25(1 + z)2 = 3.2 µG, implying a ra-
tio B/BIC = 0.8. Given these conditions, any deviation from the
minimum energy assumption has only a moderate impact on the
age estimate (Parma et al. 1999).
5.2. Spectral modelling of the central emission
In the left panel Fig. 8, we show the results of the best-fit for both
the CI and CIOFF model for the flux density of the kpc-core. The
right panel shows the results for the jets. The best-fit parameters
for both the CI and the CIOFF model are listed in Table 6. The
reduced chi-squared of the fits suggests that the spectral distri-
bution of the kpc-core is better described by the CI model rather
than by the CIOFF. The jets, instead, are better fitted by the CIOFF.
It is possible that the kpc-core is still being injected with high-
energy particles, while this is not currently happening in the jets.
This result holds as long as the thermal contamination to the 108
GHz flux of the kpc-core, poorly constrained by currently avail-
able data, is . 80%. Previous measurements of the spectral index
of the synchrotron emission of the jet of Fornax A between 4.9
and 14.9 GHz (Geldzahler & Fomalont 1978, 1984), also showed
a steepening of the spectral index moving from the centre to the
outer regions of the jets.
Knowing the magnetic field, and the break-frequency of the
spectral energy distribution, from Eq. 11, we estimate the ra-
diative ages of the kpc-core and jets. The kpc-core seems to
be currently active and the age of the synchrotron emission is
∼ 1+0.3−0.5 Myr. By contrast, the jets do not seem to be currently re-
plenished with energetic particles. Their last active phase seems
to have occurred 3+7−2 Myr ago and to have lasted . 1
+6
−0.5 Myr.
6. Spectral index and break-frequency maps
In this Section, we use the high resolution observation from
MeerKAT to generate the spectral index map of the radio emis-
sion of Fornax A between 1.03 GHz and 1.44 GHz. The contin-
uum images at the two frequencies are convolved to a common
gaussian beam of 10′′ × 10′′. The spectral index map is com-
puted pixel-by-pixel measuring the intensity ratio between the
two images.
6.1. The lobes
The total intensity map does not show any clear evidence of
a hot-spot or a jet expanding through the lobes. Hence, in the
spectral index map (Fig. 9) we identify three main components
with different spectral indexes. The centre of the lobes, which
has overall spectral index ∼ 0.7. The ‘bridge’ connecting the
lobes and the inner edges of the lobes (i.e. the edges closer to the
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Fig. 8. Left panel: spectrum of the kpc-core of Fornax A (green) fitted with a continuous injection model (CI) and a continuous injection with a
turn-off (CIOFF). Right panel: spectrum of the extended central radio jets fitted with a continuous injection (CI) and a continuous injection with a
cut-off (CIOFF).
the host galaxy and in the north of the east lobe and south of the
west lobe, respectively) have steep spectrum (α ∼ 1.3) and the
outer edges which have flat spectrum (α . 0.5).
The spectral index map between two close frequencies from
the same observation can give a limited view of the spectral
shape of the synchrotron emission. The calibration of the obser-
vation, radio frequency interference and the uv-coverage of the
observation are all effects that may contribute to slightly change
the flux distribution in the images, and therefore may bias the
spectral index map. For these reasons we also create spectral in-
dex maps between 200 MHz and 1.44 GHz, between 1.03 GHz
and 6.3 GHz, and between 200 MHz and 6.30 GHz. For this anal-
ysis we convolve all images to the resolution of 3′ × 3′, which
matches the resolution of the MWA and SRT images. We do not
consider the Planck observations because they resolve the lobes
with only at most two resolving beams, and this does not allow
us to trace the differences in spectral index within the lobes. The
results are shown in Fig. 10. The main spectral features shown in
the high resolution map are also recovered in these maps, namely
the steep (∼ 1) spectral index in the centre and in the bridge, and
an overall uniform spectral index in the lobes (∼ 0.7). Some re-
gions at the edges of the lobes show a flatter spectrum.
The CIOFF models provide a good description of the injection
history of the lobes of Fornax A considered as a whole. Never-
theless, these components are resolved by our observations, and
it is possible to trace within the lobes the differences in radiative
age. The continuous injection of particles into the lobes can be
thought of as the sum of subsequent injections between the time
0 and the time tCI, whose individual radiative losses are well de-
scribed by the JP model (see Sec. 5). Since the CIOFF model
provides a good description of the overall injection history of
the lobes, by tracing the spectral differences through the lobes,
we expect to identify some regions where the break-frequency
of the best-fit JP model has values close to νbreak, high and others
where the break-frequency is as low as νbreak.
We measure the flux density in different regions of the lobes
of Fornax A between 200 MHz and 6.30 GHz on the images
convolved at 3′ × 3′. The regions have the same size as the PSF
and are selected to be located more or less symmetrically in both
lobes. We select regions close to the centre (Ec, Wc, Wc2), along
the apparent direction of expansion of the radio jets (E j, W j), at
the edges (Eh, Wh, Es, Ws, En, Wn) and one region in the bridge.
These regions are shown in the spectral index map of Fig. 11.
The panels of this figure show the best-fit JP model to the spec-
trum of each region. The pattern visible in the 1.03 - 1.44 GHz
spectral-index image (Fig. 9) is visible also now that we model
the flux density over a broader band even if at lower angular
resolution. The regions with higher break are in the north and
south edge of the West lobe (Wn and Ws) and in the east and
south edge of the East lobe (the Eh and Es), while the centre
and the bridge show low breaks. The panels in Fig. 11 confirm
that the break-frequency is high throughout the lobes, and that
the Planck non-detection of the lobes at frequencies & 143 GHz
does not bias this result. Nowhere in the lobes we can observe a
pure power law spectrum. This confirms that, likely, the lobes of
Fornax A are not currently active.
The regions with flat spectrum (such as Eh, Ws, Wn, Wc2)
correspond to some of the low-polarisation patches identified by
Anderson et al. (2018). In these regions, the associated Faraday
depth enhancement may be due to magnetised plasma residing
in the lobes, and advected from the host galaxy ISM during their
expansion. Regions Eh and Wn also coincide with a peak in the
hard X-ray distribution (see Fig. 1b in Kaneda et al. 1995).
It is possible to generate the break-frequency map of the
radio emission of the lobes of Fornax A from the spectral in-
dex map. Myers & Spangler (1985) show that from Equations 9
and 10 the radio spectral index between two frequencies is a
function of the ratio between the frequency where the spectral
index is measured and the break-frequency. The relation between
the two-frequency spectral index and the break-frequency di-
verges for large values of the spectral index or when it is close
to zero. For pixels with α & 1.4 or pixels with α . 0.2 the
estimated break-frequencies should be considered as lower and
upper limits, respectively. The break-frequency map generated
following this method is shown in Fig. 12. The outer edges of
the lobes have a high break-frequency (& 220 ± 140 GHz) while
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Fig. 9. Spectral index map of the radio emission of Fornax A between 1.03 GHz and 1.44 GHz. The resolution of the map is 10′′ × 10′′. The
contour levels show the radio emission at 1.44 GHz. They start at 0.8 mJy beam−1, increasing by factors of 2.
the inner edges and the bridge have the lowest breaks (. 50 ± 5
GHz). In the centre of the lobes, overall, the break-frequency is
∼ 130 ± 40 GHz. This value is very close to the νbreak, high of the
best fit CIOFF model of the total flux density of the lobes.
6.2. The central emission
The left panel of Fig. 13 shows the central region of the spectral
index map between 1.03 GHz and 1.44 GHz. Regions with flat
spectrum are located close to the kpc-core, while the spectrum
steepens moving along the jets. In the right panel, we show the
corresponding break-frequency map. The edges of the jets have
the lowest break-frequency (νbreak . 50 GHz), while the kpc-
core has a high break-frequency. This is in good agreement with
the spectra of the jets and kpc-core (Fig. 8), which suggest that
the jets have not been replenished of energetic particles for most
of their lifetime.
The indications given by the map of break-frequency confirm
what was previously observed in the spectral index map between
the VLA observations at 4.9 and 14.9 GHz (Ekers et al. 1983;
Geldzahler & Fomalont 1984) that attributed the steepening of
the spectral index in the jets to their radiative ageing.
7. Discussion
7.1. The formation of the radio lobes
The properties of the flux density spectrum of the lobes of
Fornax A are puzzling when compared to their projected size.
Typically, lobes extending in the IGM for hundreds of kilo-
parsecs are either the remnant of an old nuclear activity, and
show a steep spectrum with low break-frequency, or they are be-
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Fig. 10. Left panel: Spectral index map of Fornax A between 200 MHz and 1.44 GHz (extracted from MWA and MeerKAT observations). The
resolution is the same in all images (3′ × 3′) and is shown in black in the bottom left corner. The colour scale is the same as in Fig. 9. The
contour levels show the radio emission at 1.44 GHz. Contours start at 0.1 mJy beam−1, increasing by factors of 2. Central panel: spectral index
map between 1.03 GHz and 6.30 GHz (taken from MeerKAT and SRT observations), the colour-scale of the map is the same as in the left panel.
The contour levels show the radio emission at 1.03 GHz, starting at 0.2 mJy beam−1, increasing by factors of 2. Right panel: spectral index map
between 200 MHz and 6.3 GHz (from MWA and SRT observations), the PSF and colour-scale of the map is the same as in the top left panel. The
contour levels show the radio emission at 200 MHz, starting at 0.5 mJy beam−1, increasing by factors of 2.
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Fig. 11. Spectral index map of the radio emission of Fornax A. The white circles mark the regions where we analyse the spectral differences within
the lobes. The panels show the best fit JP model for the spectra of each region (further details are given in Sect. 6). Regions at the edge of the lobes
have higher break frequency than the bridge and the inner regions.
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Fig. 12. Break-frequency map inferred from the spectral index map shown in Fig. 9. The PSF of the map is 10′′ × 10′′. Contour levels show the
1.44 GHz radio emission.
ing currently injected with relativistic particles, and show a jet
or stream of particles connecting the AGN with the lobes. In the
previous section, we showed that the most remarkable proper-
ties of the lobes of Fornax A are the flat spectral shape and high
break-frequency (& 20 GHz) of their radio emission, and that the
nuclear activity that was replenishing the lobes with high energy
particles was short (∼ 24 Myr) and stopped recently (∼ 12 Myr
ago). Hence, the main open question is how can these large lobes
have formed in such a short time?
We estimate a dynamical age for the lobes of Fornax A by
assuming that their expansion was transonic. If the energy den-
sity of the relativistic fluid is comparable to the one of the IGM,
the lobes may have expanded at the speed of sound:
cs =
√
Γgas
kBT
µmh
(13)
where Γgas = 5/3, µ = 1 is the mean molecular weight of the
gas, and kB and mh are the Boltzmann’s constant and the mass
of the hydrogen atom, respectively. Given that the temperature
(T ) of the IGM surrounding Fornax A (60 < r < 350 kpc) is
∼ 2.7 × 107 K (∼ 0.65 − 0.77 keV, as measured from the X-ray
emission of the hot halo of NGC 1316; Isobe et al. 2006; Nagino
& Matsushita 2009; Gaspari et al. 2019), the speed of sound is
cs = 529 km s−1. If the lobes expanded through the IGM at this
speed, it would have taken ∼ 200 Myr to reach their current size.
As shown in Fig. 14, this age is one order of magnitude larger
than the radiative age inferred from the break-frequency of the
spectrum of the lobes (∼ 24 Myr).
To estimate the error on the dynamical expansion, we as-
sumed that its speed could range between double the speed of
sound (1058 km s−1) and half of it (∼ 264 km s−1); this corre-
sponds to a factor-of-4 change in the temperature of the IGM.
The lower limit is close to the buoyancy speed used to estimate
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Fig. 13. Left Panel: Spectral index map between 1.03 and 1.44 GHz of the central emission of Fornax A. The resolution (10′′ × 10′′) is shown in
the bottom left corner. The black contours show the 1.03 GHz flux density, starting at 0.6 mJy beam−1 and increasing by factors of 2. Right Panel:
break-frequency map of the central emission of Fornax A. The PSF of the map (10′′ × 10′′) is shown in the bottom left corner. Contour levels are
the same as in the left panel.
the age of the X-ray cavities detected between the lobes and
the central emission of Fornax A (Lanz et al. 2010). The up-
per limit of the dynamical age of the radio lobes is ∼ 400 Myr.
The lower limit is ∼ 90 Myr. In order for the dynamical age
to be compatible with the radiative age, the temperature of the
IGM must be at least one order of magnitude larger (∼ 108 K),
which is not compatible with the X-ray measurements of the
IGM of Fornax A. These high temperatures are typical of clus-
ter environments, such as for example Virgo A, where such a
rapid super-sonic dynamical inflation has been observed (M87;
de Gasperin et al. 2012). Conversely, Fornax A is located at the
edges of the Fornax cluster, where the IGM is much cooler (Gas-
pari et al. 2019).
We point out that the radiative age we infer from synchrotron
radiation is maximal when the magnetic field is close to the
field of equipartition (Beq/
√
3; Murgia et al. 2012). As shown
in Fig. 14, the magnetic field in the lobes (Beq = 2.6 ± 0.3 µG;
Isobe et al. 2006; Tashiro et al. 2009) is very close to the value
for which the radiative age is maximal.
Figure 14 indicates that the radiative age of the lobes of
Fornax A and the dynamical age are incompatible. It is possi-
ble that in a single powerful episode of nuclear activity, super-
sonic jets carved their way through the IGM and shaped the lobes
of Fornax A as we see them now. This phase recently stopped,
which would explain the absence of jets and or hot-spots and
the spectral shape of the lobes. The main argument disfavour-
ing this solution is the axial ratio of the lobes. This is defined
as the length of both lobes divided by the total extent of the
source (Leahy & Williams 1984). Typically, in AGN where the
radiative age of the particles of the lobes is similar to their dy-
namical time of expansion the axial ratio is low (Hardcastle &
Worrall 2000; Mullin et al. 2008), while it is close to unity in
Fornax A.
Another possibility is that the lobes of Fornax A formed
through multiple episodes of activity and that, currently, we ob-
serve the remnant of the last phase, which started approximately
24 Myr ago and was interrupted 12 Myr ago. If the lobes, filled
with low-energy particles and under-pressured with respect to
the surrounding IGM, were already present, because of previous
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Fig. 14. Comparison of radiative and dynamical age of Fornax A, as
a function of the magnetic field. The radiative age (red shaded re-
gion) is derived from the spectral break measured in the two lobes.
The dynamical age is shown in blue. The green region shows the mag-
netic field measured in the lobes from X-ray inverse Compton emission
(BIC ∼ 2.6 ± 0.3µG).
activities, a new nuclear phase may rapidly fill them with new
high energy particles which now dominate the radio emission
of the source. This scenario would explain the overall flat radio
spectrum of Fornax A and its high break-frequency. The low-
energy particles, remnants of the previous phases, even though
dominating the number density of the lobes may be negligible in
the flux density for two reasons. First, while the source is not ac-
tive, the particles expand in the IGM losing energy and shifting
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to lower frequencies. Second, any new injection collects the most
energetic particles at the edge of the lobes sweeping away the
low energy ones. This may also explain the double-shell struc-
ture of the lobes of Fornax A. The high energy particles col-
lect at the outer edge of the lobes (which shows flat spectrum),
while the less energetic (and older particles) are swept away in
a back-flow. This is formed by the inner edges of the lobes and
the bridge, which both show a steep spectrum (see Fig. 9). Two
separate AGN outbursts have also been proposed by Lanz et al.
(2010) to explain the location of the X-ray cavities relative to the
radio lobes of Fornax A. The formation of the lobes of Fornax A
may have been similar to the one of Hercules A. This galaxy
shows no clear indication of hot-spots in the lobes, and their
double-shell lobe structure has been interpreted as a new activity
replenishing high energy particles in the cocoon, remnant of the
previous activity (Gizani & Leahy 2003).
Different episodes of activity would also explain why it is
difficult to classify Fornax A as a FRI or a FR II galaxy (Fa-
naroff & Riley 1974). Its low R parameter (R = S kpc−core/(S tot −
S kpc−core) = 4× 10−4), the non-beamed jets and lack of hot-spots
in the lobes would classify Fornax A as a FRI source (Morganti
et al. 1993). However, the [O iii] luminosity is too low for FRI
sources (7.96 × 10−15 erg s−1 cm−2; Tadhunter et al. 1993) and
most of the flux is included in the extended lobes, as is common
in FRII galaxies. Likely, the first phase of activity that formed
the lobes was much more powerful than the activity of the cen-
tral emission. Another explanation of the difficulty in classifying
Fornax A as an FRI/FRII galaxy may be that, because of the pe-
culiar motions of the host galaxy and of the lobes in the ISM, the
galaxy moved away from where it was inflating the lobes (Ekers
et al. 1983). If at the time of the last inflation the galaxy was
located where the bridge is, then the flatter spectrum regions at
the edges of the lobes could be the remnants of the hotspots of
a past FRII activity. Nevertheless, the relative velocity between
the galaxy and the lobes would be very high (∼ 2450 km s−1),
because the last inflation stopped 12 Myr ago and during this
time the galaxy should have moved approximately 30 kpc.
Emission from proton-proton (p–p) collisions of cosmic rays
with the thermal plasma within the filaments of the lobes of
Fornax A, along with inverse Compton scattering, has been in-
voked to explain the properties of the radio, X-ray and γ-ray
emission of Fornax A (Seta et al. 2013; McKinley et al. 2015;
Ackermann et al. 2016). In the radio band, emission arising from
hadronic collisions should result in a single power law spec-
trum at radio frequencies (see Eq. 9 in Dolag & Enßlin 2000).
In Fornax A, the radio lobes show a clear curvature in the total
spectrum (Fig. 7 and Fig. 15), as well as in most regions within
the lobes (at the resolution of 3′, see Sect. 6.1 and Fig. 11). A
single power law cannot describe sufficiently well the spectral
shape of the lobes of Fornax A, which suggests that hadronic
collisions are not the dominant process characterising their radio
emission. The only exception may be region Ws (see Fig. 11)
which shows the highest break-frequency and flatter spectrum of
the West lobe. Interestingly, this region coincides with the peak
of the γ-ray emission (Ackermann et al. 2016). There, it is possi-
ble that interactions between the relativistic plasma and high en-
ergy particles of the IGM are occurring, as suggested by McKin-
ley et al. (2015).
7.2. The flickering activity of Fornax A
In Section 5, we studied the radio spectrum of the lobes, and cen-
tral emission of Fornax A. We measured the injection index and
break-frequency from which we estimated the total radiative age
of the lobes and central jets and examined whether these com-
ponents are still being injected with relativistic particles. Given
our results we are now in a position to provide a timescale for
the nuclear activity of Fornax A.
In Fig. 15, we show the flux density distribution of the East
and West lobe and of the kpc-core and jets. The dashed lines
show the best fit model to the spectra. For the jets and lobes
the best fit model is the CIOFF model, with similar injection in-
dex (αinj ∼ 0.6). While the kpc-core is best described by the
CI model. From the spectral modelling, we infer that the total
radiative age of the lobes is ∼ 24 Myr and that they have not
been injected with relativistic particles for the last 12 Myr. The
jets show a total radiative age of ∼ 3 Myr and have been off for
most of their lifetime (tOFF/ts = 0.89). These radiative ages seem
to indicate that the AGN turned on again for a very short phase
(. 1 Myr), when the lobes had been off for already ∼ 9 Myr. The
spectral index and break frequency maps (Figs. 13) confirm that
the radiative age of the jets increases radially, with the younger
regions closer to the kpc-core, and suggest that the nuclear activ-
ity that generated the jets was a short, low-power episode where
the plasma ejected by the AGN remained confined in the cen-
tre of the galaxy (r . 6 kpc). Given the short timescales of the
different nuclear activities, likely, Fornax A is rapidly flickering
from an active phase to a non-active one.
Another argument in favour of the multiple nuclear activi-
ties of Fornax A is given by the location of the jets and lobes
in the jet-core luminosity function of radio AGN (Parma et al.
1987). The ratio between the jet power and kpc-core power
well fits in the jet-core luminosity function for objects of this
radio power. While the ratio between the total radio power (
2.0 × 1025 W Hz−1, dominated by the emission of the lobes) and
the jet radio power is low for a source of this luminosity, and
this would make Fornax A an outlier in the jet radio luminosity
function.
Currently, the central nucleus may be in a new active phase,
as suggested by the flat spectral shape of the kpc-core, com-
patible with the CI model (Fig. 8). In the centre of Fornax A,
Parkes-Tidbinibilla interferometric (PTI) observations (Jones
et al. 1994; Slee et al. 1994) did not detect any emission at 2.2
and 8.4 GHz over scales of 90 and 27 mas (∼ 10 pc and 3 pc,
respectively) down to a 1σ-noise level of 3 and 6 mJy. This cor-
responds to a brightness temperature ∼ 105 K suggesting that,
at the time of the observations, the radio emission of the core of
Fornax A was very weak (. 2.0 × 1020 W Hz−1). Possibly, the
core of Fornax A is variable over short timescales, and new sub-
arcsecond resolution observations may provide further insights
on its activity.
The radio emission of Fornax A allows us to distinguish three
phases of nuclear activity, the one that last injected the lobes,
the one that formed the jets and the one of the kpc-core. In the
previous Section, we suggest that a possible explanation for the
axial-symmetry of the lobes and their flat spectral index and high
break-frequency can be that we are currently observing only the
last episode of injection, but that multiple episodes of activity
may have occurred also in the past. This further corroborates the
interpretation that the nuclear activity of Fornax A is flickering.
The recurrent activity of Fornax A may fit well in the theoretical
scenario of AGN evolution whereby the central engine is active
for short periods of time (104−5 years), and that these phases re-
cursively occur over the total lifetime of the AGN (108 years; e.g.
Schawinski et al. 2015; King & Nixon 2015; Morganti 2017).
The environment in which Fornax A is embedded likely
plays a crucial role in regulating its flickering nuclear activity.
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NGC 1316 is a merger-remnant and the most massive early-type
galaxy of a group falling into a cluster. The same MeerKAT
observation used in this paper was analysed in spectral line by
Serra et al. (2019), leading to the conclusion that the merger oc-
curred between a dominant, gas-poor lenticular and a ∼ 10 times
smaller Milky Way-like galaxy. The cold ISM of this smaller
progenitor was partly expelled out to a large radius along tidal
tails (MH i ∼ 7 × 108 M) and partly flowed towards the centre
(MH i ∼ 4× 107 M). There, it is now mostly found in molecular
form (6 × 108 M Horellou et al. 2001; Morokuma-Matsui et al.
2019), and has triggered a burst of star formation (Kuntschner
2000; Silva et al. 2008) at about the same time as the formation
of the globular clusters (1 – 3 Gyr ago; Goudfrooij et al. 2001;
Sesto et al. 2016, 2018). This merger may have triggered for the
first time the AGN, but is not responsible for the recent (∼ 24
Myr) last episode of injection of the lobes that we observe now.
After the major merger, NGC 1316 went through several ac-
cretion events and minor mergers of smaller companions (Iodice
et al. 2017), for which, at this stage, we do not know the typi-
cal gas content. These numerous interactions may have regulated
the switching on and off of the multiple episodes of activity that
formed the lobes as we see them now. Merger and interaction
events are often invoked to explain the triggering of powerful
AGN (e.g. Heckman et al. 1986; Hopkins et al. 2005; Ramos
Almeida et al. 2012; Sabater et al. 2013). Chaotic accretion of
cold clouds is also an efficient mechanism to trigger and regu-
late the recurrent activity of AGN (e.g. Gaspari et al. 2013; King
& Nixon 2015; Gaspari et al. 2017, 2018). This mechanism,
where cold clouds condensate from turbulence in the hot halo
of galaxies, is observed in early-type galaxies, typically living in
dense environments such as clusters and groups (e.g. Tremblay
et al. 2016; Maccagni et al. 2018; Juránˇová et al. 2019; Storchi-
Bergmann & Schnorr-Müller 2019). Given the distribution of the
cold gas in the group of Fornax A, and the evidence for the oc-
currence of multiple interaction events, it is possible that one of
these triggering mechanisms, or a combination of the two, regu-
lates the flickering activity of Fornax A.
8. Summary and conclusions
We presented new observations of Fornax A taken at ∼ 1 GHz
with MeerKAT and at ∼ 6 GHz with the SRT. We used these
data, along with archival observations of this source between 84
MHz and 217 GHz, to characterise the flux density distribution
of the lobes and of the central emission of Fornax A. The spec-
tral modelling of these components revealed that the lobes are
not currently being replenished with energetic particles, and that
this activity ceased about 12 Myr ago. In the centre, the cen-
tral emission emission is not the remnant of the active phases
that formed the lobes, but is tracing a more recent activity of the
AGN. The radiative ageing along the jets suggests that the injec-
tion phase was short (. 1 Myr), and that the jets have been off
for most of their time (tOFF ∼ 2 Myr).
The MeerKAT observation allowed us to obtain crucial in-
formation about the lobes of Fornax A and their spectral proper-
ties. The filaments appear embedded in a diffuse cocoon form-
ing a double-shell structure. The outer edges of this shell with
respect to the AGN have flat spectrum and high break frequency
(see Figs. 9 and 12), while the inner regions and the bridge
connecting the lobes shows steep spectrum and lower break fre-
quency. The comparison between the radiative age of the lobes
and the dynamical age (Fig. 14) suggests that multiple nuclear
activities inflated the lobes of high energy particles, and that cur-
rently we measure the radiative age of the last of these recurrent
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Fig. 15. Radio spectrum of the different components of Fornax A. The
East lobe is shown in red, the West lobe in blue. The jets and kpc-core
are in magenta and green, respectively. The dashed lines show the model
of injection that best fits the flux distributions. The spectral shape of the
lobes is very different from the one of the inner components.
episodes, which may also explain the double shell morphology
of the lobes.
The spectra of the kpc-core and jets (Fig. 8) suggests that the
recent nuclear activity that formed them was shorter and likely
less powerful than the previous one that inflated the lobes. As
shown in Fig. 15, currently in Fornax A it is possible to observe
three distinct phases of activity. The remnant phase that last in-
jected the lobes, the more recent phase that generated the jets and
the current activity of the kpc-core. Given the short timescales
of the nuclear activities we identified, Fornax A is likely rapidly
flickering from an active nuclear phase to a non-active one.
Further information about the recurrent activity of Fornax A
and, in particular about the last activity that generated the cen-
tral emission, may be found in the study of the kinematics and
distribution of the cold gas in the centre of the galaxy, along the
jets. There, the molecular gas shows kinematics deviating from
regular rotation, hinting that part of the gas may be involved in
the feeding of the AGN (Morokuma-Matsui et al. 2019). Neutral
hydrogen clouds have also been detected at the same locations as
the molecular gas (Serra et al. 2019). The analysis of its distribu-
tion and kinematics in relation to the nuclear activity of Fornax A
will be presented in a following paper.
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Appendix A: Continuum images of Fornax A from
archival data
Appendix A.1: MWA: 84 - 230 MHz
To characterise the radio spectrum of Fornax A at low frequen-
cies (84 – 200 MHz) we select MWA archival observations from
the GLEAM survey. The images are shown in Fig. A.1. As re-
ported by McKinley et al. (2015), self-calibration is known to
affect the flux-density scale of MWA images of Fornax A. For
this reason in their work on Fornax A, the authors calculated a
flux-scaling factor of 1.325. We apply the same scaling factor
to our flux measurements obtaining compatible results (see Ta-
ble B.1 and Fig. B.1).
Appendix A.2: VLA: p-band, 1500, 4800 MHz and 14.4 GHz
We select VLA observations of Fornax A to analyse both the
flux density of the lobes (at 320 MHz and 1500 MHz) and the
central emission of Fornax A (at 4.8 GHz and 14.4 GHz). The
bandwidth, PSF and noise of the images are summarised in Ta-
ble 2. The p-band observations of Fornax A were taken on May
12th 1989 with configurations B and C. The total integration
time was 2.5 hours. For the purposes of this work, we performed
a new data reduction. Calibration and imaging were performed
with the Astronomical Image Processing System (AIPS). De-
convolution was done with multi-scale cleaning, and direction-
dependent calibration has been used in the self-calibration phase.
The resulting continuum image is shown in the left panel of
Fig. A.2.
The image at 1500 MHz shown in the right panel of the figure
as presented for the first time in Fomalont et al. (1989). It is the
mosaic of multiple pointings centred on the lobes, with all VLA
configurations.
As illustrated in Sect. 2, the highest resolution observations
are chosen to study the central radio emission. Both images at 4.8
GHz and 14.4 GHz (see Fig. 4) have been taken from the NRAO
VLA archive survey images 5 without applying any further mod-
ification. The image at 4.8 GHz was produced on February 21,
2007 from observations taken on October 6, 2002. The image
at 14.4 GHz was produced on March 6, 2007 from observations
taken on January 24, 2002.
Appendix A.3: Planck: 30 GHz - 217 GHz
We obtained images of Fornax A at 30, 44, 70, 100, 143 and
217 GHz analysing the final release of the Planck foreground
maps (Planck Collaboration et al. 2018). From these maps, we
cut out an image four degree wide centred on Fornax A.
At frequencies & 100 GHz thermal dust emission dominates
over the non-thermal emission (Planck Collaboration et al. 2014,
2016b). The Planck collaboration released full-mission maps
of the thermal dust component at 353 GHz, 545 GHz and 857
GHz (Planck Collaboration et al. 2018). The separation of the
thermal dust emission from the other components can be done
using different methods (Planck Collaboration et al. 2016b,c).
Here, we use the products of the Generalized Needlet Internal
Linear Combination (GNILC) component separation presented
in Planck Collaboration et al. (2016c). The SED of thermal dust
is well described by a modified blackbody:
5 http://www.aoc.nrao.edu/~vlbacald/ArchIndex.shtml
Iν = τν0Bν(Tobs)
(
ν
ν0
)βobs
(A.1)
where ν0 = 345 GHz is the reference frequency at which the
optical depth τν0 is estimated, βobs is the spectral index of the
dust and Tobs its temperature. Bν(Tobs) indicates the flux density
of the blackbody. Using the maps of the optical depth, temper-
ature and spectral index of the dust emission (Planck Collabo-
ration et al. 2018), produced by the GNILC component separa-
tion including also IRAS observations at 100 µm, we produced
maps of the dust thermal emission at 100 GHz, 143 GHz and
217 GHz. These maps were subtracted pixel by pixel from the
archival foreground emission maps.
Analogously to the dust, also free-free emission contributes
as diffuse foreground emission and needs to be subtracted
from the Planck maps to determine the correct flux density of
Fornax A. Using the maps of emission measure and electron
temperature (Planck Collaboration et al. 2016b, 2018), produced
by the GNILC component separation, we generated maps of
the free-free emission at all HFI frequencies, and we subtracted
them from the foreground dust-subtracted maps.
Besides the thermal dust and the free-free components, the
Cosmic Infrared Background (CIB) also contributes to the flux
of the Planck foreground maps. Since this component is dif-
fuse on scales larger than Fornax A we corrected the images
of Fornax A subtracting the average value of the CIB reported in
Planck Collaboration et al. (2016a).
Planck images are released in HEALPix format, in units of
TCMB (i.e. CMB anisotropies, ∆T/T ). We regridded the images
to WCS projection in equatorial coordinates, and we converted
them to units of MJy/sr as follows:
S νobs [MJy/sr] = S νobs [TCMB] × 104 ·
C
TCMB
σ
ex
· x e
x
ex − 1 (A.2)
where σ = νobs/29.979, x = 1.4388σ/TCMB, TCMB = 2.725 K
and C = 2.99 × 1010 cm s−1. Then:
S νobs [Jy/beam] =2.350443 × 10−5 · S νobs [MJy/sr]×
2pi
Θmaj,ν[′′]
2.35482
Θmin,ν[′′]
2.35482
(A.3)
Figure A.3 shows the centre of the field of view of the Planck im-
ages of Fornax A between 30 and 217 GHz in units of Jy beam−1,
subtracted of the dust, free-free and CIB backgrounds. In the LFI
band the lobes of Fornax A are unresolved, or resolved with at
most one resolution element (70 GHz), in the HFI band the lobes
are resolved, but fall below the sensitivity of the observations at
& 143 GHz.
As illustrated in Sect. 2, the noise in the Planck images sur-
rounding Fornax A is not white. Hence, to make a reliable esti-
mate on the error on the flux of Fornax A, we measure the noise
as the standard deviation from the average flux density measured
in the field of view in 100 regions of the same size of the lobes
of Fornax A (Fig. A.3).
Appendix B: The total flux density distribution of
Fornax A
In Table B.1 we show the total flux density distribution of
Fornax A measured in this work along with the previously pub-
lished measurements of McKinley et al. (2015) and Perley &
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Fig. A.1. Fornax A seen by the MWA between 70 MHz and 230 MHz. The colour-scale is the same in all panels. In the left panel, the white
contours mark the region where we measure the total flux of the source, the red and blue contours show the regions of the East and West lobes.
The PSF of the images is shown in white in the bottom left corner.
0.00
0.05
0.10
0.15
0.20
0.25
0.30
Jy
be
am
−1
3h21m22m23m24m
RA (J2000)
1500 MHz
3h20m21m22m23m24m25m
RA (J2000)
45′
30′
15′
−37◦00′
−36◦45′
D
ec
(J
20
00
)
320 MHz
Fig. A.2. Fornax A seen by the VLA at 320 MHz and 1500 MHz. The colour-scale is the same in both panels. As in the previous Figures, the
regions in the left panel show where we measure the flux density of the radio lobes. The PSF of the images is shown in white in the bottom left
corner.
Butler (2017). McKinley et al. (2015) show the spectrum of
Fornax A between 4.7 MHz and 1.3 × 1018 MHz, making use
of archival observations as well as new MWA, WMAP, Planck
and Fermi-LAT observations.Perley & Butler (2017) focus in ex-
tending the flux calibration scale of Fornax A between 200 and
500 MHz. As shown in Fig. B.1, the measurements of the total
flux density of Fornax A presented in this work are compatible
within the errors with the measurements previously published.
The left panel of the figure shows that the flux measured at 1.50
GHz by the VLA is slightly lower than what expected, compared
to the MeerKAT measurement at 1.44 GHz. It is possible that the
limited coverage of the VLA over short baselines misses part of
the flux of the lobes (. 5%). The measurements in the low SRT
frequencies (ν . 6300 MHz) also seem not to be compatible
with the monotonous trend of the spectrum from synchrotron ra-
diation. These errors may be caused by the opacity correction
we applied (Eq.1), that does not take into account the frequency-
dependence of the opacity. This may cause an under-estimate of
the flux in the low-frequency end of the band. These errors are
negligible for the purposes of this study. We point out that this
correction becomes important at SRT only for low-elevation ob-
servations, such as the one of Fornax A.
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Fig. A.3. Fornax A seen by the Planck LFI at 30, 44 and 70 GHz, and by Planck HFI at 100, 144 and 217 GHz. At 217 GHz the lobes of Fornax A
are undetected. The colour-scale is the same in all panels. The PSF of the images is shown in white in the bottom left corner. The blue and red
regions in the top left panel indicate where we measure the flux density of the East and West lobes.
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Fig. B.1. Left panel: Total flux density distribution of Fornax A between 84 MHz and 217 GHz measured in this work (black), between 4.7 MHz
and 143 GHz by McKinley et al. (2015) (blue) and between 232 MHz and 470 MHz by Perley & Butler (2017) (green). Right panel: Zoom of the
left panel between 200 MHz and 7 GHz, the bandwidth used to make the spectral index maps discussed in Sect. 5.1.
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Table B.1. Total flux density of Fornax A
Frequency Flux density (this work) Flux density (McK) Flux density (PeR) Telescope/Reference
[GHz] [Jy] [Jy] [Jy] [-]
4.70 × 10−3 13500±20% (*) Ellis & Hamilton (1966)
1.83 × 10−2 3500±20% Shain & Higgins (1954)
1.97 × 10−2 4300±20% Shain (1958)
2.99 × 10−2 2120±10% Finlay & Jones (1973)
8.40 × 10−2 788 ± 158 950±20% MWA
0.118 692 ± 138 MWA
0.154 642 ± 125 750±19% MWA
0.189 519±5% (*) Bernardi et al. (2013)
0.200 533 ± 107 MWA
0.232 416±5% VLA
0.246 433±5% VLA
0.275 395±5% VLA
0.296 366±5% VLA
0.312 346±5% VLA
0.320 343 ± 17 VLA
0.328 345±5% VLA
0.344 335±5% VLA
0.356 318±3% VLA
0.382 313±3% VLA
0.392 309±3% VLA
0.400 140±10% (*) McGee et al. (1955)
0.403 309±3% VLA
0.408 259±10% Cameron (1971)
0.421 294±3% VLA
0.437 283±3% VLA
0.456 274±3% VLA
0.470 275±3% VLA
0.600 310±25% Piddington & Trent (1956)
0.843 169±9% Jones & McAdam (1992)
1.03 163 ± 8 MeerKAT
1.42 125±8% VLA
1.44 128 ± 6 MeerKAT
1.50 121 ± 6 117±10% VLA
2.70 98±10% Shimmins (1971)
5.00 54±5% Gardner & Whiteoak (1971)
5.70 44 ± 2 SRT
5.90 44 ± 2 SRT
6.10 44 ± 2 SRT
6.30 44 ± 2 SRT
6.50 43 ± 2 SRT
6.70 41 ± 2 SRT
6.87 39 ± 1 SRT
22.5 14±5% WMAP†
30.0 8.5 ± 1.3 11±7% Planck
32.8 9.4±6% WMAP
40.4 6.6±9% Planck
44.0 4.6 ± 0.7 6.1±20% WMAP
60.4 4.7±15% WMAP
70.0 2.9 ± 0.5 3.0±17% Planck
100 0.9 ± 0.4 1.2±25% Planck
143 0.3 ± 0.5 0.29±51% Planck
217 (0.7) Planck
Notes. Column (1) shows the frequencies at which we measure the flux density of Fornax A. Column (2) shows the flux densities measured in this
work. Column (3) shows the flux densities shown in McKinley et al. (2015). Column (4) shows the flux densities shown in Perley & Butler (2017).
Column (5) indicates the telescope used for the measurements, or the reference to the published fluxes. (*) indicates flux densities that have not
been included in the study of the SED.
† WMAP: Wilkinson Microwave Anisotropy Probe (Bennett et al. 2013).
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